INTRODUCTION
An enclosed artificial lighting plant factory is able to strictly control the environmental conditions for plant cultivation. Therefore, it enables stable production regardless of weather conditions and production of clean vegetables that do not need to be washed before eating. In order to operate an enclosed artificial lighting plant factory economically, it is necessary to produce plants with high profitability, such as medicinal plants with scarcity value in domestic. Catharanthus roseus (L.) G. Don is an important medicinal plant that produces some dimeric indole alkaloids including vinblastine and vincristine, which have been used as anti-cancer drugs (Carter and Livingston, 1976) . Vinorelbine, vindesine, and vinflunine, which were developed as new drugs based on the structure of vinblastine, have been used in the same way as vinblastine and vincristine (Roepke et al., 2010) . However, these drugs are very expensive because vinblastine and vincristine concentrations in the leaves of C. roseus are 0.01 and 0.0003% in the dry leaves, respectively (Guéritte and Fahy, 2005) . Therefore, these drugs have been semi-synthesized via enzymatic or non-enzymatic coupling of vindoline (VDL) and catharanthine (CAT), which are biosynthetic monomeric precursors that are abundant in C. roseus plants (Hirata et al., 1999) . Since the production of C. roseus may be decreased by climatic variation, the continuous supply of these drugs is not guaranteed. In order to stably supply these drugs, C. roseus should be produced quality and quantity stably. However, C. roseus is an annual plant and cannot survive the winter in Japan. Thus, it is necessary to cultivate C. roseus in an enclosed artificial lighting plant factory. To date, we have investigated the light environment that would increase VDL and CAT concentrations of C. roseus grown in an enclosed artificial lighting plant factory. Ohashi-Kaneko et al. (2013 ab) reported that irradiating red light at a PPFD of 150 mol m 2 s 1 using red LEDs was more effective than white fluorescent lampbased white light for increasing the VDL and CAT concentrations, not only in the youngest fully expanded leaves, but also in the total leaves in C. roseus plant. Fukuyama et al. (2013) reported that the yields of VDL and CAT in C. roseus grown under red light tended to be higher than those in plants grown under blue light, a mixture of red and blue light (red / blue light photosynthetic photon flux intensity [PPFD] ratio was 2/1), and white fluorescent lamp-based white light. These results showed that VDL and CAT productions were improved in C. roseus grown under red light alone. However, the optimum red light intensity, which would increase VDL and CAT yields, has not yet been investigated. In this study, we cultivated C. roseus under different light intensity of red light alone, and then investigated plant growth and the concentrations of VDL and CAT. (Received April 6, 2015; Accepted October 14, 2015) The leaves of Catharanthus roseus (L.) G. Don produce vindoline (VDL) and catharanthine (CAT). These two compounds are used as components of important and expensive anti-cancer drugs such as vinblastine and vincristine. Our previous study indicated the production of VDL and CAT under red light irradiation was greater than the production under blue light, a mixture of red and blue light, and fluorescent lamp-based white light (Fukuyama et al., 2013) . The aim of this study was to determine the optimal red light intensity for maximizing production of VDL and CAT. The plants were cultivated hydroponically in an environmentally controlled room under a 16-h photoperiod and four different red light intensities: 75, 150, 300, and 600 mol m 2 s 1 . The fresh weight of total leaf of the plants grown under 300 mol m 2 s 1 was the greatest, and VDL and CAT concentrations of the plants grown under 150 mol m 2 s 1 were the greatest compared to the other treatments. Therefore, optimal red light intensity for VDL and CAT production was suggested to be between 150 and 300 mol m 2 s 1 . We expect that these results will contribute to the development of a stable material source for important and expensive pharmaceutical drugs.
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MATERIALS AND METHODS
C. roseus seeds (Titan) were germinated on urethane mat, which fully absorbed tap water, in the dark, at a room temperature of 23°C for 2 d. The germinated seedlings were grown for 35 d in an environmentally controlled room with a 16-h light period and a room temperature of 23°C. Irradiance was provided by white fluorescent lamps and maintained at a PPFD of 100 mol m 2 s 1 . PPFD was measured using a LI-190 sensor (Li-COR Inc., USA) on the urethane mats. At 5 d after germination, 100 seedlings were transplanted to a plastic containers (400 mm 600 mm 80 mm) containing 10 L nutrient solution, and grown hydroponically. The nutrient solution used was Otsukahouse A solution (Otsuka AgriTechno Co., Ltd., Japan) described by Hanyu and Shoji (2002) , and electrical conductivity (EC) and pH were maintained at 1.0 dS m 1 and 5.6, respectively. At 35 d after germination, seedlings were transplanted to the four different light intensity treatments, which were 75, 150, 300, and 600 mol m 2 s 1 from red LEDs (660 nm peak wavelength). Six plants per treatments were supplied with 10 L nutrient solution, with EC and pH maintained at 1.5 dS m 1 and 5.6, respectively. These solutions were renewed once every seven days and were continuously aerated. Growth analysis was conducted on 63-d-old plants, and all six plants of each treatment were analyzed. The fourth leaves which were young and fully expanded at 63 d after germination, were stored in plastic packs at 50°C. Leaves were numbered after the primary leaf followed by cotyledon. These leaves were used as material for the measurement of alkaloid concentrations.
Measurement of alkaloid concentration was performed according to Ohashi-Kaneko et al. (2013b) , with some modifications. The frozen leaves were ground into fine powder with mortar and pestle in liquid nitrogen. For extraction, this leaf powder was added to 10 ml methanol and sonicated for 30 min. The mixture was centrifuged at 1,660 g for 10 min at room temperature and the supernatant was collected. These extraction steps were repeated three times. All the collected supernatants were evaporated to dryness, and the residue was dissolved in one mL metha-nol. Ten L of the extract was analyzed by highperformance liquid chromatography using a CAPCELL PAK C18 MGII column (Shiseido Co., Ltd., Japan) with an acetonitrile 20 mM sodium-phosphate buffer (pH 7.0) mixture, at a flow rate of one mL min 1 . The following gradient step was used: 30% (v/v) acetonitrile between 0 min and 3 min, 60% (v/v) between 8 min and 20 min, and 75% (v/v) between 23 min and 30 min. Alkaloids were detected at 250 nm. The standards of VDL and CAT were purchased from LKT laboratories, Inc (USA). Other reagents were purchased from Wako Pure Chemical Industries, Ltd (Japan). Alkaloid concentrations were measured using three replicates. Figure 1 shows C. roseus grown under different red light intensities for 63 d after germination. In the plants grown under 600 mol m 2 s 1 (Fig. 1d ), the color of lower leaves was yellow or white. Much of this chlorosis-like symptom appeared near the midrib of the leaves.
RESULTS
The fresh weights of shoot and total leaf at 63 d after germination were the highest in the plants grown under 300 mol m 2 s 1 , followed by 600, 75, and 150 mol m 2 s 1 (Fig. 2) .
VDL concentrations in the fourth leaves of the plants grown under 150 mol m 2 s 1 were the highest among the four treatments, followed by 300, 75, and 600 mol m 2 s 1 (Fig. 3) . The CAT concentration in the fourth leaves of the plants grown under 150 mol m 2 s 1 tended to be the highest among the four treatments, although there was no significant difference in the CAT concentration between the 150 and 300 mol m 2 s 1 treatments.
DISCUSSION
The optimal intensity of red light irradiation for VDL and CAT production An alkaloid production per plant is determined by multiplication of total leaf biomass and the alkaloid concentration in total leaf. In this study, however, the VDL and CAT concentrations in total leaf were not determined.
Environ. Control Biol. Ohashi- Kaneko et al. (2013b) reported that the plants with high VDL and CAT concentrations of the fourth leaves also have high VDL and CAT concentrations of the total leaf. The plants grown under 150 mol m 2 s 1 showed the highest alkaloid concentrations in the fourth leaves, and the plants grown under 300 mol m 2 s 1 showed the greatest growth in all the treatments, respectively. Therefore, it was presumed that the red light intensity that maximized the VDL and CAT production per plant was between 150 and 300 mol m 2 s 1 . Optimal light intensity for maximizing the VDL and CAT production per plant would be different depend on light quality. Consequently, our next approach is investigating the effects of light quality and PPFD on the growth and alkaloid content. Inhibition of growth and alkaloid production by excess red light irradiation C. roseus can survive without receiving an injury under high light intensity conditions similar to a midsummer day in Japan. In general, the biomass increased with increasing light intensity, but the biomass of plants grown under 600 mol m 2 s 1 was not the highest (Fig. 2) . The leaf yellowing caused by monochromatic red light irradiation at PPFD of 300 to 400 mol m 2 s 1 was also observed in seedlings of Triticum aestivum (Tripathy and Brown, 1995; Sood et al., 2004; Sood et al., 2005; Gupta et al., 2010) and Oryza sativa (Roy et al., 2013) . Monochromatic red light inhibits chlorophyll biosynthesis (Tripathy and Brown, 1995) . Therefore, the decline of growth (Fig. 2) and concentrations of vindoline and catharanthine (Fig. 3 ) in the C. roseus grown under 600 mol m 2 s 1 would be related to the decrease of photosynthesis due to the decrease of the chlorophyll content. The inhibition of chlorophyll biosynthesis is involved in phytochrome A concentrations (Roy et al., 2013) . Protoporphyrin IX, a precursor of chlorophyll, is accumulated in plastids when chlorophyll biosynthesis is inhibited. Protoporphyrin IX absorbs light and then generates singlet oxygen (Tripathy et al., 2007) . Singlet oxygen damages cellular components, including the cell membrane (Tripathy and Chakraborty, 1991; Chakraborty and Tripathy, 1992) , and this leads to the inhibition of plant growth and leaf yellowing under monochromatic red light irradiation. Some key enzymes related to VDL and CAT synthesis are localized in chloroplasts (Verma et al., 2012) . It is possible that those enzymes would be attacked by singlet oxygen in the C. roseus grown under monochromatic red light of 600 mol m 2 s 1 .
Effects of red light intensity on the VDL and CAT concentrations
In a report about Hypericium perforatum grown under fluorescent lamps equipped with optical filters and at two PPFD treatments of 250 and 500 mol m 2 s 1 , growth was increased with the increase of light intensity, while secondary metabolite such as hypericine, pseudoypericine, and hyperforine, concentrations were decreased (Nishimura et al., 2007) . Cai et al. (2009) reported the same trends as H. perforatum. The reciprocal relationship between growth (Fig. 2) and secondary metabolite concentration (Fig. 3) were observed in two species of Rauvolfia plants grown under some different natural sunlight intensities set up with shadow net. These trends were observed in the plants grown under 150 and 300 mol m 2 s 1 (Fig. 3) . These results suggest that it may be difficult to achieve large Vol. 53, No. 4 (2015) Fig. 2 Fresh weights of shoot (left) and total leaf (right) at 63 days after germination. The plants were grown for 28 days under four different monochromatic red light PPFD: 75, 150, 300, 600 mol m 2 s 1 . The bars indicate the standard error (n 6). Means with different letters within each panel are significantly different at the 5% level by Tukey's HSD test. biomass yield and high secondary metabolite concentration at same time by controlling the light intensity only.
